This review summarizes the structural and electrophysiological changes in the epileptic hippocampus in various animal models of epilepsy. Tornado hypothesis of epileptic hippocampus, states that there are many progressive detrimental changes in the hippocampus of the epileptic rats. PTZ, PTZ kindling, pilocarpine, electrical kindling, kainic acid, hyperthermia and in vitro models are taken as primary animal epilepsy models in this review. Paired pulse inhibition and GABAergic transmission is decreased in dentate gyrus (DG), CA3 and CA1 regions of the epileptic hippocampus. There is interneuron loss in the hilus, DG and CA3, while excitatory input from perforant path (PP) is increased and this is fed into the CA3 area by mossy fibers (MF) which have excessive sprouting that forms novel recurrent synapses with the pyramidal cells of CA3. Gate function of DG is either impaired or lost. CA3 area of hippocampus becomes an epileptic focus and sends ictal discharges. These ictal discharges are carried into CA1 by Schaffer collaterals and then into entorhinal cortex (EC). The input from EC is amplified in the hippocampal circuitry which is fed into hippocampus from EC into DG again successively. Thus, a weak electrical input into the hippocampal formation results in an amplified signal back into EC. Since the basic ultrastructural and electrophysiological feed-back control mechanisms are impaired, this electrical tornado cannot be compensated for and an epileptic amplified ictal discharge spreads to the limbic system and other adjacent structures of the brain. Eventually the hippocampal circuitry, that has developed a vicious circle, becomes a bioelectrical amplifier which triggers an electrical tornado, under certain bio-chemical conditions.
Introduction 1
Temporal lobe epilepsy is a status of the temporal structures of the brain (such as hippocampus, parahippocampal gyrus, amygdala, enthorinal cortex) in which neurons, interneurons, receptors, overall circuitry malfunction or have a hyper-function that results in generalized seizures. The prevalence of epilepsy is 0.5-1 % on the globe and nearly half of the epilepsies have the temporal lobe origin. Thus, temporal lobe structures, particularly hippocampus, are an important area to study to understand the mechanisms of epilepsy (Jefferys, 2010) .
Since the establishment of animal models of epilepsy since 1950's, we have learned a lot about the basic mechanisms of epilepsy and today depending on such scientifically proven findings, we are able to treat most of the cases of epileptic seizures, if not all.
Animal models of epilepsy, most of the time, try to mimic generalized convulsions, tonic clonic seizures, such as in the cases of pentetrazole, pilocarpine, focal or systemic kainic acid injection (Reddy, 2013; Loscher, 2011; . Kindling is a good established model for temporal lobe epilepsy . Hippocampal slice model also gives invaluable clues about the increased excitation or decreased inhibition, by interneurons, in various hippocampal areas such as dentate gyrus, CA3 and CA1, as well as the altered cellular properties of dentate granule cells and CA3 pyramidal cells (Sayin 1995 (Sayin , 1997 (Sayin , 1999 (Sayin , 2001 (Sayin , 2004 (Sayin , 2015 Westmark, 2005; Sutula, 1998) . Most of the novel anti-epileptics are designed according to the data obtained from such models and their antiepileptic potencies are also tested by means of using these models. In this review, we will discuss about the outcome findings from some of these models to better understand what happens in an epileptic brain.
Animal Models of Epilepsy
There are many different models for acute or chronic tonic convulsions. A brief explanation of some of the models is essential to mention to have a vision of how these models can/could work.
Pentylenetetrazole
(PTZ) model: Pentylenetetrazole (pentazol, cardiazol, pentetrazol, metrazol), a GABAA antagonist on picrotoxin site of GABAA receptor is injected i.p. (mice & rats) . Onset of tonic clonic convulsions is 10-20 minutes, the tonic-clonic generalized seizures last for 2 to 5 minutes. Lethality may be high depending upon the species and the dose. Most of the anti-epileptic drugs are tested by pentylenetetrazole model. PTZ can also be used for PTZ-kindling, mimicking the effects of electrical kindling (Sayin, 2015; Westmark, 2005; Sloviter, 1987; Tilelli, 2005; Lothman, 1981) .
Pilocarpine (Pilo) model: Pilocarpine, a non-selective muscarinic receptor agonist, is injected i.p. (mice & rats). Very severe status epilepticus may occur depending upon the dose. Lethality is very high. Pilo is also used in the hippocampal slice models, inducing epileptiform bursts or ictal patterns in the extracellular recordings of CA3 pyramidal cells (Sayin 1997 Rutecki, 2005; Turski, 1984; Cavalheiro, 1987; Clifford, 1987) .
Maximal Electroshock Seizures (MES):
Electro-convulsive direct currents are passed onto the ears of mice or rats through the ear clips. Tonic clonic seizures which last for 2-3 minutes occur immediately. Many anti-epileptic drugs are tested with MES model before they are tested in other models (Jefferys, 2010; Reddy, 2013; Loscher, 2011) .
Kainic Acid (KA): Kainic acid, a neurotoxin which is an agonist for kainate receptors or glutamate ionotropic receptors, and which may also -in the due course-activate the NMDA receptors, which takes part in the synaptic plasticity. KA is injected either i.p. (rats & micepups), or it may be injected at focal areas in the brain (such as cortex, amygdala, perforant path, hippocampus etc.). The subject animal has an immediate seizure for 2-5 min., and sometimes a status epilepticus lasting for longer. The effect is long term, some repeated injections of KA may result in spontaneous seizures after a while (Sayin 2004 (Sayin , 2015 Sperk 1983 Sperk , 1985 Sutula 1983 Sutula , 1998 Ben-Ari, 1981) .
Kindling model of temporal lobe epilepsy:
Kindling model is a progressive electrical stimulation model (mostly rats or cats). The rats are implanted stimulation and recording electrodes into the amygdala, or hippocampus, or most of the time into the perforant path (PP). They are stimulated by square pulses of microampere direct currents every day until an afterdischarge EEG recording is observed; the stimulus intensities are determined according to a protocol depending upon the EEG recordings. They are continued being stimulated until they have a Class-V, short tonic clonic seizures which last for 0.5-1 minute. According to the course of the study and research design, the intensities which had not induced any seizure in the beginning will induce tonic clonic seizures eventually. The lethality is very low; the seizures are not as severe as the chemical models.
Decreasing the current, animals may be continued to be stimulated to observe the effects of drugs or behavioral changes. In our studies, we were able to establish PP-kindling as a model to induce spontaneous seizures after 100-120 Class-V seizures (some of our rats had experienced 150-200 Class-V tonic clonic seizures before becoming spontaneously convulsing rats (SP-rat)). For this reason, this is a very striking, unique and useful model for investigating temporal lobe epilepsy. In the hippocampal slices of SP-rats, we performed electrophysiological studies, such as extracellular recording, paired pulse inhibition recordings, current clamp and voltage clamp in dentate granule cells and CA3 pyramidal cells, and histology (Sayin 1999 (Sayin , 2015 Tuff 1983; Gilbert, 1991) .
Hyperthermia or Febrile Seizures (FS):
The pups of postnatal-1 (P-1) to postnatal day-30 (P-30) are exposed to hyperthermia (38-40 ° C) in a closed chamber while body temperature is monitored. They start to have tonic clonic convulsions in 10-15 minutes, lasting for 0.5-1 minute; the lethality is moderate. Their brains are then investigated after the seizure or when they are grown up (2-3 months old) (Sayin 2015; Dube 2000 Dube , 2006 Dube , 2010 Baram, 1997) .
Hippocampal slice model: Hippocampal slices from normal or epileptic rats are prepared to sustain basic living condition in a chamber, they may stay alive for 15-20 hours, while consistent electrophysiological recordings can be made. Various stimulations and recordings can be made, such as investigating the paired pulse inhibition, current clamp or voltage clamp, for measuring the nature of action potentials and inward currents under the effects of certain drugs. Also, using chemicals, such as bicuculline, pilo, metabotropic glutamate receptor agonists, picrotoxin, opiate agonists etc., it's possible to detect the ictal and interictal patterns at the CA3 area, where pyramidal cells are very susceptible to become excitable and show ictal patterns to investigate some drugs. This is a very good and valid model of cellular epilepsy and spontaneous epileptiform discharges of CA3 (Sayin 1997 .
Here we will take some of our findings from our models we had utilized and some of other researchers' findings to establish some insights for the determinants of chronic tonic clonic seizures in the animal models of epilepsy, particularly temporal lobe epilepsy, as summarized in the table-1.
Determinants of Temporal Lobe Epilepsy and Chronic Seizures
As seen in Table- 1, I have studied many of the animal models of epilepsy, some of the data is still unpublished; for the published part of our findings please refers to (Sayin 1995 (Sayin , 1997 (Sayin , 1999 (Sayin , 2004 (Sayin , 2015 Sutula, 1998; Westmark, 2005) . Some of our observations were just recorded, some were presented in the meetings, and some were written as scientific articles. Between 1990 and 2015 my experiments, findings and research brought me to think in a holistic way, rather than following a reductionist pathway, and look at all the determinants of the causes of epilepsy as a whole, rather than focusing on only CA3 or Dentate Gyrus, because in the normal physiological conditions, the whole system is working together; to understand the "gestalt" of the system is more crucial. Reductionist approach is only a method to get some information about the parts or elements of a system. Using "System Theory" is very essential to understand the mechanisms of a disorder or a disease (here, epilepsy) (Sayin, 2016; Bertalanffy, 1969; Luhmann, 2013) . Thus, in this review, I will summarize the possible important determinants which build up the system into a convulsion. ++ or +++ (Sayin 1999 (Sayin ,2015 Lynch,2000; Tuff,1983; Gilbert,1991) This model studied in our lab MES (Maximal Electroshock Seizures) Ø (acute short seizures) Ø (Loscher,2011) This model studied in my lab
CHEMICAL MODELS
Kainic Acid ++++ (very severe) ++++ (severe) (Sayin 2004 , Lynch,2000 Sutula 1986 Sutula ,1998 Ben,1981; Sperk1983,1985 This model studied in our lab Pilocarpine ++++ (very severe) ++++ (severe) (Sayin 1997 Hadar,2002; Rutecki,2002; Turski,1984; Cavalheiro,1987) This model studied in our lab Cobalt ++ + (Jefferys,2010; Reddy,2013; Loscher,2011 ) Pentetrazol + (short acute seizures) + (Westmark,2005; Sayin,2015; Sloviter,1987; Tilelli,2005; Lothman,1981) (Sayin,2015) This model studied in our lab
STATUS EPILEPTICUS MODELS
Pilocarpine-lithium ++++ ++++ (Jefferys,2010; Reddy,2013; Loscher,2011; Sayin,1997 , Rutecki,2002 Hadar,2002; Rutecki,2002) This model studied in our lab High Potassium in hippocampal slices ++++ Ictal patterns in CA3, CA2 (Jefferys,2010; Reddy,2013; Loscher,2011; Sayin1997,2003 Hadar,2002; Rutecki,2002) This model studied in our lab 4-Amino-pyridine in hippocampal slices +++ (Jefferys,2010; Reddy,2013; Loscher,2011; Sayin1997,2003 Hadar,2002; Rutecki,2002) This model studied in our lab Bicuculline/picrotoxin in hippocampal slices ++++ (Jefferys,2010; Reddy,2013; Loscher,2011; Sayin1997,2003 Hadar,2002; Rutecki,2002) This model studied in our lab Pilocarpine in hippocampal slices ++++ Ictal patterns in CA3 (Jefferys,2010; Reddy,2013; Loscher,2011; Sayin 1997 Hadar,2002; Rutecki,2002; Turski,1984; Cavalheiro,1987; Clifford,1987) This model studied in our lab Glutamate receptor agonists (e.g. metabotropic M-GLU) +++ Ictal patterns in CA3 (Sayin,2003; Hadar,2002) This model studied in our lab
HYPERTHERMIA
Febrile seizures in pups
++ (little or moderate) (Sayin,2015; Dube 2000 Dube ,2006 Dube ,2010 Baram,1997) This model studied in our lab Epileptic Excitable CA3 Pyramidal Cells Our lab's findings have pointed out that in the epileptic rats (kindled, kainic acid, PTZ) or in the rats that have experienced prolonged status epilepticus (pilocarpine or kainic acid), the CA3 pyramidal cells become more excitable and easily enter into ictal-like status as a response to lowered extracellular magnesium or increased extracellular potassium, compared to the controls. The population spikes from CA3 layer become multiple as an evoked potential, as well as the ones in CA1; no such change and spontaneous ictal patterns happened in dentate granule cells. In the hippocampal slices from the rats undergone status epilepticus, CA3 area goes into spontaneous bursting as a response to low bicuculline concentrations, compared to the controls; namely, the bicuculline concentrations that do not induce ictal or interictal patterns in the control CA3, do induce spontaneous interictal or ictal discharges in the CA3 areas of the hippocampi from the epileptic rats. The stimulus threshold to induce a bursting evoked multiple population spike in CA3 is also decreased in the hippocampal slices of epileptic rats.
It was documented that CA3 pyramidal neurons from spontaneously epileptic mutant rats had abnormal hyper-excitability; mossy fiber stimulation showed long lasting depolarizing shift accompanied by repetitive firing following a single stimulation in half of the CA3 pyramidal cells (Ishihara, 1993) . In a computer model which was based on the basic properties of hippocampal neurons, with 200 basket cells and 800 pyramidal cells; it was proven that, CA3 area may become hyperexcitable and prone to epileptic discharges as a response to a minute loss of dentritic inhibition (Sanjay,2015) . Rutecki et al. has shown numerous times the increased excitability of CA3 pyramidal cells in various models in the epileptic hippocampus (Sayin 1997 Rutecki 1998 .
Epileptic Excitable Dentate Granule Cells
The dentate gyrus is considered to function as an inhibitory gate limiting excitatory input to the hippocampus. Following status epilepticus (SE), this gating function is reduced and granule cells become hyper-excitable. In DG, the granule cells never act like pace maker bursting-ictal cells as in the case of CA3 pyramidal cells, however they spike more frequently and the spike numbers may be increased in the DG of hippocampal slices from pilocarpine and kainic acid treated rats Flynn, 2015) . The granule cells become more excitable, generating epileptiform discharges in response to afferent stimulation in the kainic acid model, as a response to this new inhibitory interneurons are regenerated to compensate for this hyperexcitability by means of increasing GABAergic inhibition (Sloviter, 2006) . Dentate gyrus is assumed to be a gate that filters the input from subiculum and enthorinal cortex, in chronic epilepsy or status epilepticus this gate function is impaired or lost.
Loss of Inhibitory Interneurons
In the kindled rats that undergo spontaneous seizures (after 100-120 Cl-V kindled evoked seizures), we have determined that there is a loss of paired pulse inhibition, mossy fiber sprouting loss of interneurons and decreased IPSC's and also severe mossy fiber sprouting and axonal remodeling in kainic acid treated rats (Sutula 1998 ). Sloviter's group had also reported decreased hippocampal inhibition and loss of interneurons in experimental models long ago (Sloviter, 1987) . In the pilocarpine model, it is reported that hilar somatostatin interneurons are lost (Hofmann, 2016) . In a recent study, somatostatin (SS), neuropeptide Y (NPY), and parvalbumin (PV) in LiCl-pilocarpine-treated rats had some quantitative changes and axonal sprouting of GABAergic interneurons in the hippocampus, showing the compensation mechanisms of hippocampus as a response to the death of inhibitory interneurons in status epilepticus (Long, 2010) . Also in other areas of hippocampus, there is loss of interneurons, such as subiculum, pyramidal cell layer, molecular in pilocapine treated rats and decrease of IPSCs, loss of presynaptic GABAergic input (Knopp, 2008) . Many other studied point out the loss of inhibitory interneurons and formation of new recurrent excitatory circuits after mossy fiber sprouting (Dudek, 2007; Stief, 2007; Sun, 2007; Epsztein, 2006) .
Mossy fiber sprouting and forming a more excitable new Dentate-CA3 circuitry
There are numerous reports stating that after status epilepticus, prolonged seizures, chronic tonic clonic convulsions in the animal models of epilepsy, such as kindling, PTZ, pilocarpine, kainic acid, etc., there is mossy fiber sprouting and a new wiring and a more excitable circuitry is formed in the DG-CA3-CA1 axis by means of the following factors (Sayin 1999 
Loss of Paired Pulse Inhibition in Dentate Gyrus and CA3
In our studies we have found that, although paired pulse inhibition (PPI) is increased in DG in the early phases of epileptogenesis, after a while this trend declines and after spontaneous seizures develops PPI decreases in DG. This finding is also consistent with our and other histological studies on the interneuron histology and immunohistochemistry of interneurons after status epilepticus and prolonged seizures (Sayin 1997 Westmark 2005; Sutula 1998; Sloviter 2006; Hofmann 2016; Long 2010; Knopp 2008; Dudek 2007; Sun 2007) . In CA3, one of the reasons of hyper-excitability may also be the loss of hilar and CA3 inhibitory interneurons and loss of PPI. In the kindled rats that had spontaneous seizure (> 100-120 Cl-V evoked-kindled seizures) in the CA3 area of the hippocampal slices there was not only loss of PPI, but also facilitation. (See: Table-2 and Figure-3) Other studies also found decreased PPI in CA1, CA3 and DG in various animal models of epilepsy, such as PTZ, PTZ kindling, Pilo and flurothyl (Holmes 1998 (Holmes , 1999 Fathollahi, 1997; Stringer, 1995; Psarropoulou, 1994) . Febrile convulsions also have a detrimental effect on the inhibitory circuitry, particularly at certain periods; our results showed that febrile seizures at the postnatal day of 24 (P20-P30) had long term effects, such as decrease of PPI in dentate and CA3. Other labs also found confirming results, that febrile seizures decrease inhibition in CA1 and CA3, during adulthood (Boyce, 2013) . Some researchers also found decreased PPI in DG by the perforant path stimulation (Naylor, 2005) .
Alterations in Voltage Gated Sodium Channels
It has been hypothesized that alterations in voltage-gated sodium channels (VGSCs) occur in chronic epilepsy, some anti-epileptic drugs are designed to target this deficiency (Mantegazza 2010) . Recent data on changes of sodium channel expression, mutational changes in the receptor itself, molecular structure, and function has been associated with epilepsy, as well as on the interaction of new and established antiepileptic drugs with sodium currents (Köhling 2002; Mesiler 2002) . 
Lowered Threshold for the Generation of Action Potentials
We have observed hyperexcitability of granule cells and CA3 pyramidal cells after chronic seizures, chronic electrical and chemical kindling, and status epilepticus (pilo or kainic acid) (Sayin 1997 (Sayin , 1999 Lynch, 2000 and unpublished data) . The threshold for generating an action potential is lowered for an evoked response and in CA3 spontaneous multiple population spikes occurred. With low magnesium, high potassium, and very minute concentrations of bicuculline, we observed interictal or ictal discharges in CA3 area; also in DG, evoked multiple spikes of granule were significantly increased in the hippocampal slices of epileptic rats compared to controls. Some other studies also found neuronal excitability, lowered threshold for spiking action potentials in dentate and CA3, and easily occurring interictal patterns in CA3 (Yan,2012; Saly, 1993; Swartzwelder, 1988) .
Hippocampus Becoming a Bio-Electric Amplifier
As schematized in Figure-4 
Extra Temporal Lobe Circuits in Temporal Lobe Epilepsy
Hippocampal formation has many connections with the adjacent structures and extra-temporal lobe circuits (Hartley, 2014; Bertram, 2014) . The weak bio-electrical input from entorhinal cortex can be amplified in an epileptic hippocampus within milliseconds and can be fed into the entorhinal cortex again under certain physiological and biochemical conditions, which may trigger a tonic-clonic convulsion. This circuitry can become a vicious loop such that, a chaotic bio-electrical tornado effect be carried into the adjacent structures, such as, parahippocampal gyrus, amygdala, hypothalamus and thalamus, piriform cortex, or olfactory cortex and other structures of the temporal lobe as an increasing and amplified signal (See Figures: 5-6 ). The mathematical modeling of this effect can be studied and designed using the Chaos Theory and also the Mandelbrot mathematics in a computer model of temporal lobe epilepsy. Adults of other periods were not affected; PPI was decreased in the adult of P20-P30 Note: Some of the above data has not yet been published. All areas were tested in hippocampus in all models. In different models the results were very consistent: In the beginning of epileptogenesis, there is increased paired pulse inhibition as a reactive response to seizures. Gradually this GABAergic interneuron inhibition increase subsides, when the seizures are repeated or when there are spontaneous seizures, there is a loss of inhibition in DG and CA3 of hippocampus, as well as CA1. Arrow number also shows the intensity of inhibition or disinhibition. Number of arrows shows the approximate intensity of the increase or decrease of PPI. . Epileptic hippocampus becoming a bio-electric amplifier: Tornado Effect. Because of various parameters and reasons given in the bottom drawing, the input coming from perforant path into DG is carried as an amplified stimulus into the CA3. The gate function of DG is either impaired or lost. Mossy fiber sprouting and new recurrent synapses induce epileptiform bursts and ictal discharges in the CA3 region of hippocampus. These impulses are carried to CA1 by Schaffer collaterals and then into the entorhinal cortex. This vicious circle is repeated many times and many feedback mechanisms to control the excessive excitation are impaired. By time this hippocampal circuitry becomes a bioelectrical amplifier and the excessive ictal discharges are fed into the other structures of the cerebrum, such as adjacent structures of the limbic system, motor cortex and somatosensory cortex. Thus a minute bio-electrical impulse can be fed into an amplified ictal discharge under certain conditions, such as extracellular chemical or ionic changes, which increase the susceptibility to seizures. In the figure, the thickness of the red line in the circuitry depicts the amplified signals. 
Conclusion
As a conclusion, in the epileptic hippocampus, because of various parameters and factors (see Figure-4 ), the input coming from perforant path into DG is carried as an amplified stimulus into the CA3. The gate function of DG is either impaired or lost (Figure-4) . The harnessing role of GABAergic transmission and interneuron inhibition are impaired (Table-2 synapses induce epileptiform bursts and ictal discharges in the CA3 region of the hippocampus (Figure-2 ). These impulses are carried to CA1 by Schaffer collaterals and then into the entorhinal cortex. This vicious circle is repeated many times and many feedback and defense mechanisms to control the excessive excitation are impaired ( Figures-3-4) .
Figure-6. The spread of epileptic discharges into and through extra-hippocampal and extra-temporal structures. A) Epileptic focus in the vicious circle loop of the hippocampus spreads to amygdala, parahippocampal gyrus, entorhinal cortex, hypothalamus and thalamus, olfactory cortex. B) The vicious circle in the hippocampus and its direct relation with the adjacent extra-hippocampal structures. C) MRI imaging studies show the spread of epileptic discharges into other parts of the brain and causing the tonic clonic convulsions. The figure is modified and redrawn from the MRI images during the image recordings of temporal lobe epilepsy seizures (from Bonilha and Keller, 2015) By time this hippocampal circuitry becomes a bio-electrical amplifier and the excessive ictal discharges are fed into the other structures of the cerebrum, such as adjacent structures of the limbic system, temporal lobe, motor cortex and somatosensory cortex ( Figures  5-6 ). Thus a minute or weak bio-electrical impulse can be fed into an amplified ictal discharge under certain conditions, such as extracellular chemical or ionic changes, which increase the susceptibility to seizures. Hence, hippocampus becomes a bio-electric amplifier, in which a bio-electrical tornado originating from the temporal lobe occurs during an epileptic seizure. This hypothesis has been supported by many researchers and tornado hypothesis may give many insights for the medical or surgical treatment of intractable temporal lobe epilepsy, such as the resection or dissection of some pathways, or concentrating on the treatments to break this vicious circle at one of the causing factors, such as enhancing GABAergic inhibition, as in the case of vigabatrin therapy, which increases synaptic GABA levels nearly 10 times (Sayin, 1995) or a possible future implantation of cultured GABAergic interneurons into the hippocampus, particularly in the dentate gyrus, hilus and CA3. Taking the attributing factors of temporal lobe epilepsy as explained in this review, it may be possible to treat intractable temporal lobe epilepsy totally soon.
